The origin of cosmic rays (CR) is supposed to be closely connected with supernovae (SNe) which create the conditions favorable for various mechanisms of the CR acceleration to operate effectively. First, modern ideas about the physics of the SN explosion are briefly discussed: the explosive thermonuclear burning in degenerate white dwarfs resulting in Type Ia SNe and the gravitational collapse of stellar cores giving rise to other types of SNe (Ib, Ic, IIL, IIP). Next, we survey some global properties of the SNe of different types: the total explosion energy distribution of various components (kinetic energy of the hydrodynamic flow, electromagnetic radiation, temporal behavior of the neutrino emission and individual energies of different neutrino flavors). Then, we discuss in the possibility of direct hydrodynamic acceleration by the shock wave breakout and the properties of the SN shocks in the circumstellar medium. Then the properties of the neutrino radiation from the core-collapse SNe and a possibility to incorporate both the LSD Mont Blanc neutrino event and that recorded by the K II and IMB detectors into a single scenario are described in detail. Finally, the issues of the neutrino nucleosynthesis and of the connection between supernova and gamma-ray bursts are discussed.
Basic Properties of Supernovae
Physically, there are two fundamental types of supernovae (SNe): the thermonuclear SNe and the core-collapse ones, represented by Type Ia SNe (SN Ia) and by Type II, Ib, and Ic SNe, respectively. The SN Ia show no hydrogen in their spectra and constitute quite a homogeneous sample of objects. The core-collapse SNe are subdivided into several types depending on the amount of hydrogen hanging around the stellar core just before it begins to collapse. Type Ib and Ic SNe have virtually no hydrogen left. The Ic SNe seem to have lost a fair amount of their helium as well.
Type II SNe are represented by the subtypes IIP (plateau shaped light curves, ∼ 10 M ⊙ of hydrogen in their envelopes), IIL (linearly decaying light curves, < ∼ 1 M ⊙ of hydrogen), and IIn (with some hydrogen in an extended envelope formed by dense stellar wind).
Thermonuclear supernovae
The SN Ia light curves are powered by the 56 Ni → 56 Co → 56 Fe beta-decay on average of ≈ 0.6 M ⊙ of 56 Ni synthesized as a result of explosive carbon-oxygen (CO) burning in a degenerate Chandrasekhar mass (M ≈ 1.4 M ⊙ ) white dwarf. The total energy of the electromagnetic emission is of ≈ 6×10 49 erg, most of this energy being radiated in optical and infrared wavelengths and only a fraction being carried away by X-rays and gammaphotons that managed to escape the scattering off by the expanding envelope. The explosion energy E exp ≈ 10 51 erg comes from the difference in nuclear binding energies of the initial carbon-oxygen mixture and the final products of thermonuclear burning (mainly 56 Ni -the most tightly bounded nucleus among all those consisting of equal numbers of neutrons and protons). Finally, almost all E exp turns out to be converted into the kinetic energy of expanding matter. The white dwarf proves to be totally disrupted by the explosion, no stellar remnant being left. The mean velocity of the expanding debris is estimated to be u = 2E exp /M ≈ 8, 000 km/s.
Although observationally and theoretically the above concept is considered to be a well-founded conjecture, there remains a big unsolved problem relating to the mode of thermonuclear CO-burning. The most important issue is an interplay between the deflagration and detonation regimes of burning which is controlled by different instabilities of turbulent thermonuclear flame propagating in degenerate matter and by the behavior of the white dwarf as a whole in response to the onset of the burning (pre-expansion, 1, 2 radial pulsations 3, 4 ). Several astrophysical groups are currently engaged in an extensive investigation of the thermonuclear burning in Type Ia supernovae (see Refs. 5, 6, 7 and references therein). This complicated problem requires a sophisticated approach based on three-dimensional modeling of the CO ignition and propagation of the thermonuclear flame that is fraught with specific unsteadinesses such as convective, Rayleigh-Taylor, LandauDarries instabilities.
Such an investigation is of fundamental importance for the accurate calibration of SN Ia as the cosmological standard candles (one needs to predict the SN Ia peak luminosity at least with a 10% precision!). Also for detailed comparison with observations and for stellar nucleosynthesis, a precise determination of different isotopic yields (apart from dominating 56 Ni) is of vital importance.
Core-collapse supernovae
Type II SNe light curves are powered first by the shock heating, then by recombination of hydrogen, and finally (at their tail phase) by the 56 Co → 56 Fe decay of ≈(0.02 − 0.2) M ⊙ of 56 Co (initially 56 Ni). The total energy of the electromagnetic emission is of ≈ 10 49 erg. The explosion energy of the core-collapse SNe is typically of (0.5 − 2)×10 51 erg. It comes from the shock wave that is launched somewhere at the boundary between the "iron" core of a mass M Fe = (1.2 − 2) M ⊙ , collapsing into a neutron star (NS), and the outer envelope to be thrown out. The mean velocity of the expansion is of 3, 000 − 5, 000 km/s depending on the mass of the envelope expelled.
The mechanism of the core-collapse SNe is not yet understood in every detail. The most distinctive feature of these SNe is an enormous energy of (3 − 5)×10 53 erg = (10 − 15)% M Fe c 2 radiated in form of neutrinos and antineutrinos of all the flavors (e, µ, τ ). One would think that it should not be a problem to extract less than 1% from the energy of a powerful neutrino flux to ensure the expulsion of the SNe envelope. However, an extensive hydrodynamical modeling during the last thirty years has demonstrated that in case of spherical symmetry it is very hard (if not impossible) to simulate the explosion. Basing on this research, an empirical theorem can be formulated telling that sphericallysymmetrical models do not result in expulsion of an envelope; the SN outburst does not occur: the envelope falls back on the collapsed core. Hence, one has to go to two-and, perhaps, three-dimensional models to convert the stalled accreting shock into an outgoing blast wave (for the last review see Ref. 8 and references therein). One has, nevertheless, to keep in mind that yet undiscovered elementary particles may be involved in the corecollapse SNe (e.g., axion-like particles 9 ). There are three reasons of spherical symmetry breakdown which currently are under a close investigation:
• Large-scale neutrino-driven convection.
The accreting shock can obtain an additional energy necessary for successful explosion from fast (possibly jet-like) subsonic streams of neutrino-heated matter circulating under and over the neutrinosphere. 10, 11, 12, 13 • Interaction between rotation and magnetic field . Hydrodynamical heterogeneity of the collapse (central dense layers of stellar core contract increasingly faster than outer ones) results in a strong differential rotation that leads to an amplification of toroidal magnetic field. Under favorable conditions, an excessive magneto-hydrodynamical pressure could facilitate the expulsion of the supernova envelope.
14, 15
• Rotational fragmentation followed by a NS explosion. Massive fast-rotating collapsed core undergoes rotational fragmentation resulting in formation of a close neutron-star binary that evolves being driven by the emission of gravitational waves and mass-exchange and terminates with a low-mass (M ≈ 0.1 M ⊙ ) neutron-star explosion.
16, 17 Figure 1 shows a general view of electromagnetic and neutrino luminosity of SNe. The SNIa bolometric light curve is given by a dashed line that includes all electromagnetic spectrum (uvoir +X + γ: ultraviolet, optical, infrared, X-rays, and gamma radiation). In ∼ 40 days after explosion, the light curve strictly follows the 56 Co decay half-life of 77.1 days (111.3 days for exponential decay time). There is shown also the typical SNIIP light curve with a ∼100-day period of nearly constant luminosity (plateau) stabilized by a coolingand-recombination wave. 18, 19 If there were no 56 Co in the supernova envelopes the light curves would be of a shorter duration (dotted curves). In the case of SN 1987A in the Large Magellanic Cloud, about 0.075 M ⊙ of 56 Ni was synthesized. Figure 2 shows the SN 1987A light curve on a large scale as observed by two group of astronomers in Chili 20 (black dots) and South Africa 21 (open squares). A 20% discrepancy between these two sets of observations is a systematic uncertainty connected with reconstruction of the bolometric luminosity from luminosities observed in different spectral bands. The coincidence of the SN 1987A bolometric light curve with the Co-decay law at t > 140 days gave the first direct proof that supernova ejecta are actually enriched with theoretically predicted 56 Co. In a month, this finding was confirmed by the detection of X-rays by space-based detectors Kvant 22 and Ginga 23 and somewhat later by direct measurement of gamma-lines from Co-decay. 24 Detailed report on the SN 1987A event can be found in special reviews. 25, 26, 27 For recent thorough study of the SN 1987A light curve on the basis of radiation hydrodynamics with nonthermal ionization from the 56 Ni and 56 Co decays included see Ref. 28 .
Shock Wave Breakout
The onset of supernova outburst occurs at the very time when the outgoing shock wave (SW) reaches the stellar surface. Such a breakout results in a short pulse of ultraviolet and soft X-ray radiation of total energy up to 10 47 erg and with characteristic duration of 100s-1h depending on the presupernova radius (Fig. 1) . The "tail" of this pulse was actually observed in the case of SN 1987A (Fig. 2) . The shock wave propagates through stellar interior outward in the direction of strongly decreasing density. Consequently, the shock energy turns out to be accumulated in a progressively decreasing amount of matter. As a result, the SW considerably accelerates as illustrated in Fig. 3 . Such a cumulative regime is described by well-known similarity solution of hydrodynamic equations that exists since the density ρ typically is a power function of the distance x to stellar surface ρ ∼ x n (n ≈ 3). Formally, the velocity tends to infinity at stellar surface (short-dashed curve for t = 0). In reality, the SW cumulation is limited by a finite width of the SW front which optical thickness ∆τ for the radiation dominated SW can be estimated from a simple relation: ∆τ ≈ c/D, with D and c being the SW velocity and the speed of light, respectively. The distance x cut at which one has to cut the similarity solution off corresponds to the SW position when its optical depth becomes just equal to ∆τ (see Ref. 29) . With x cut known one can estimate the maximum velocity at the SW front emerging from under the stellar surface. During further expansion (curves for t > 0 in Fig. 3 ), matter undergoes additional acceleration in a rarefaction wave that converts almost all thermal energy into kinetic energy of radial expansion increasing the latter by a factor of ≈ 2.6 (Ref. 30 ). For SN 1987A , x cut is estimated to be ≈ 0.02R 0 (R 0 ≈ 47 R ⊙ is the presupernova radius). The resulting final maximum velocity u max relating to kinetic energy per nucleon ε max = 1 2 m u u 2 max (m u is the atomic mass unit) and the mass ∆M umax accelerated to the maxim velocity u max turn out to be:
The SW breakout was expected 31 to be an efficient mechanism for acceleration of cosmic rays. For SN 1987A this mechanism, however, does not look effective enough. Since the maximum kinetic energy changes with R 0 as R sions associated with presupernovae of smaller radii. The SN Ib and SN Ic can have as small R 0 as a few R ⊙ and ε max may reach about 100 MeV/nucleon for these SNe. The explosion of a white dwarf of typical radius (5, 000 − 10, 000) km would be just the right event to accelerate a good portion of matter to relativistic energies (ε max > ∼ 1 GeV/nucleon). However, the regime of the SW cumulation does not occur in the case of SNe Ia that come from white dwarf progenitors. The thermonuclear burning begins there in a deflagration regime causing the star to expand subsonically. Even though the SW does appear this happens at the very end of the explosion under the conditions unfavorable for the SW cumulation.
Although, to all appearance, the direct hydrodynamical acceleration of CR in supernovae turns out to be inefficient the SW breakout could provide fast moving particles for further acceleration by other mechanisms (e.g., by circum-stellar and interstellar shock waves).
Shock Waves in Circum-Stellar Medium
In a few days after explosion, the SN envelope turns into a state of supersonic inertial expansion with the velocity depending on radius by the simplest way: u = r/t where the SW SW contact discontinuity time t is measured from the beginning of the explosion. Simultaneously the outer edge of the SN envelope begins to collide with the circum-stellar matter. The interaction region is confined by two shock waves shown in Fig. 4 (left panel) by black circles. The SN ejecta are decelerated, heated, and compressed by the internal (reverse) SW. The outer (forward) SW accelerates, heats and compresses the ambient medium. Thus, relative to matter the reverse and forward shock waves propagate in an inward and outward direction, respectively. This is shown by arrows in Fig. 4 (right panel) . The interface separating the shocked ejecta from shocked interstellar matter called contact discontinuity is shown by a white dashed circle in Fig. 4 (left panel) .
The hydrodynamic theory of the SN ejecta -ambient medium interaction has been elaborated with the help of numerical and semi-analytical methods (see Ref. 32 and references therein). The initial stage of this ejecta-dominated process is controlled by a similarity solution 33, 34 that being combined with observations allows to describe detailed structure of young supernova remnants (SNRs). A few hundred years old remnants of galactic supernovae such as Cas A, Kepler, Tycho are still in the ejecta-dominated stage. Observations of their X-ray and radio synchrotron emission can give much information about the SN progenitor, supernova nucleosynthesis, 35 ambient medium, and mechanisms of the cosmic-ray acceleration.
Core-Collapse Neutrinos
The collapse of stellar iron-cores into a neutron star (NS) is followed by a high-power pulse of neutrino emission. Figure 5 shows the cumulative (bolometric) neutrino light curve that includes all the neutrino and antineutrino flavors. This light curve was calculated for a spherically symmetrical collapse of a 2 M ⊙ stellar core. 36 According to detailed modeling during the past few decades of the neutrino transport in collapsing stellar cores, this light curve consists of two parts. The first part (t < ∼ 0.5 s) relates to the nonthermal neutrino emission that is dominated by the electron neutrinos ν e produced by the non-equilibrium neutronization. For t < ∼ 0.5 s, the core is still transparent to ν e emitted owing to electron captures by nuclei and free protons. The mean individual ν e energy ε νe turns out to be 15 − 20 MeV. The nonthermal neutrinos carry away only a small fraction (q ν < ∼ 10%, Fig. 5 ) of the total available energy E νtot = (3 − 5)×10 53 erg. About 90% of E νtot is emitted in the regime of thermal emission when the central region of the core becomes opaque to all the neutrino flavors. The neutrinos are decoupled from stellar matter at a surface called neutrinosphere. In general, the neutrinosphere radius is different for different neutrino flavors, at least one has to consider two neutrinospheres -one for the electron neutrinos and antineutrinos and another for µ-and τ -neutrinos and antineutrinos. Numerical modeling 37, 38 shows that to a first approximation one can assume that E νtot is equally distributed over the neutrino flavors:
The neutrino spectra are reproduced by the Fermi-Dirac distributions slightly depressed 39 at high energies ε ≫ kT νph (T νph is the effective temperature of the neutrinosphere). The mean individual neutrino energies and related T νph are ε ν νe ≈ (10 − 12) MeV, ε ν νµ ≈ ε ν ντ ≈ 25 MeV,
The characteristic time of the neutrino pulse turns out to be of the order of 10-20 s. These theoretically predicted properties seem to be in a fair agreement with the neutrino signal detected from SN 1987A by the KamiokaNDE II (K II) 40 and Irvine-MichiganBrookhaven (IMB) 41 neutrino detectors as it is shown in Fig. 6 for K II. The agreement occurs under the assumption that all the events in these water Cherenkov detectors were produced by the electron antineutrinos through the reaction
In contrast to the neutrino-electron scattering, the relativistic positrons from this reaction move virtually isotropically in different directions. So the direction of their Cherenkov radiation should not depend on where ν e has come from. However, one can observe that the events with energies ε νe > ∼ 20 MeV (four events in Fig. 6 and all eight events recorded by the IMB detector) demonstrate a statistically significant correlation with the direction to the Large Magellanic Cloud. Since the neutrino-electron scattering cross-section is considerably lower than that of the reaction (1) it is impossible to explain this observation by addressing to the ν µτ -electron scattering -the required total energy of the neutrino pulse would exceed by an order of magnitude the energy available from the collapse of stellar cores. The significance of this problem (remaining unresolved up to now!) was first recognized and analyzed in Refs. 42, 43. Another difficulty in the theoretical interpretation of the SN 1987A neutrino signal is the fact that there occurred two neutrino pulses. The first pulse, detected by the Liquid Scintillation Detector (LSD) under Mont Blanc, 44 , 45 came 4.7 hours earlier than the second one recorded by the K II and IMB detectors. Since 4.7 h is a very long time in comparison with the duration of both the neutrino pulses (∼ 10 s), one has to think of a two-stage collapse (see discussion in Ref. 25 ). In the next section, we describe a scenario that has been recently proposed 46 to incorporate both the neutrino pulses in a self-consistent twostage hydrodynamical model of the gravitational collapse.
Rotational Fragmentation-Neutron Star Explosion Scenario
The key point for this scenario is the presence of rotation in the stellar core that is about to collapse. The mechanism of the SN explosion proposed in Ref. 16 is based on the rotational instability and develops through the following stages.
First, the rotational energy of the collapsing core E rot reaches the limit of stability with respect to fragmentation: 47 E rot /|E g | > 0.27 (E g is the core gravitational energy). Then the core of mass M 0 fragments into a close binary system of proto-neutron stars of different masses M 1 and M 2 (M 1 + M 2 = M 0 ; we assume M 2 < M 1 hereafter).
These binary components begin to approach each other due to the loss of total angular momentum and kinetic energy of orbital motion through the radiation of gravitational waves (GW):
where L GW is the GW luminosity, G is the gravitational constant, and c is the speed of light. The mutual approach of the components lasts until the orbital radius a(t) reaches a critical value a = a cr for which the less massive component fills its Roche lobe. Contrary to normal stars, the degenerate configurations like NSs and white dwarfs have a remarkable property: the smaller their mass, the larger their radius (R ∼ M −1/3 ). As soon as a becomes less than a cr , there begins a rapid mass transfer from the component M 2 to the component M 1 . The mass M 2 is rapidly decreasing down to the minimum possible mass of a NS M NSm ≈ 0.1 M ⊙ . When M 2 becomes a little bit less than M NSm , the process of the hydrodynamic destruction of a low-mass component begins. Such a dynamical instability is controlled by the rate of beta-processes, and initially is developing rather slowly. It terminates, however, with a short (∼0.05 s) phase of a violent transformation of the internal energy into kinetic energy and work against gravity. The resulting energy release is expected to be as large as ∼ 10 51 erg (∼4.8 MeV per nucleon). However, the sophisticated calculations are still to be done to estimate how much of the energy is taken away by neutrinos. The hydrodynamics of the low-mass NS explosion was studied in a number of papers (see Refs. 49, 50 and references therein).
The low-mass NS explosion model has no problems with the explanation of the explosion asymmetry (like that observed for SN 1987A ) and the origin of the high-velocity pulsars. The debris of exploded low-mass NS (0.1 M ⊙ ) and the collapsed NS (∼ 1.5 M ⊙ ) retain their orbital velocities of (7500-15000) and (500-1000) km/s, respectively, and move in opposite directions. 51 There is no problem in this scenario also with dissociating of the heavy elements in the infalling envelope.
Thus in this scenario, the supernova outburst is triggered by the explosion of a low-mass NS. The most impressive feature of the scenario is its ability to explain the two neutrino signals from SN 1987A in the framework of a single self-consistent model. The first recorded by LSD neutrino pulse comes from the first stage of the collapse when there occurs the rotational fragmentation of stellar core into two proto-neutron stars. This is essentially a three-dimensional process. A strongly flattened by rotation structure of the core favors the emission of highly non-thermal electron neutrinos with the individual energies of (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) MeV that appear owing to capture of strongly degenerate electrons by atomic nuclei and free protons (p+ e − → n+ ν e ). When such energetic ν e 's reach the LSD detector they interact with 200 tons of the iron safety and radioactivity shield around 90 tons of scintillator (white spirit). The cross-section of the reaction ν e + The second neutrino pulse occurs approximately at the moment of the low-mass NS explosion when more massive NS component (M 1 = M 0 − M NSm ), having been already deprived of a good portion of its angular momentum, resumes the collapse to produce a powerful burst of more or less thermal neutrinos described in previous section.
The time interval of 4.7 h separating the two neutrino pulses is controlled by the GW radiation and can be easily explained by the evolution of the NS binary system that is described by a semi-analytical approach. 17, 48, 55 In the future, the proposed scenario can be verified with the aid of the GW detectors such as VIRGO and LIGO, at least within the Milky Way distances of D ≈ 10 kpc. The amplitude of metric perturbation in question is estimated 48 to be
According to a conservative estimate, the gravitational waves carry away in total 10
50−52
erg within a frequency range (100-3000) Hz.
Neutrino Nucleosynthesis
The neutrinos from collapsed stellar cores can produce a number of nuclear transmutations in the onion-like structured envelope (Fig. 7 , right panel) to be thrown off by the blast wave. 56, 57, 58, 59 With the aid of neutrinos, it is possible to overcome difficulties in interpreting the cosmic abundances of such nuclear species as (i) p-nuclides that cannot be produced in the neutron-capture processes, (ii) a number of rare nuclides ( 15 N, 19 F, 26 Al, 50 V and some others), and (iii) the light elements (Li, Be, B). The magnitude δn(A, Z) of the neutrino-induced transformation in the reaction ν + (A, Z) → . . . can be estimated from a simple equation
where N ν , σ nν , and r are the total number of emitted neutrinos responsible for the transformation, their energy-averaged cross-section, and the distance of the neutrino-irradiated matter, respectively. Each of three ν ν flavors can be involved in the transformation (4) . The numerical quantity is estimated for typical values N ν = 3×10 57 , r = 10 9 cm, and
The creation of the light elements is a field of overlap between the contributions from cosmic rays (CR), big bang nucleosynthesis (BBN) and neutrino nucleosynthesis (NN). The neutrino flux proves to be especially efficient in production of 7 Li (in helium shell) and 11 B, 9 Be (in CO-shell). At the same time, it is not so effective in producing of 6 Li and 10 B. Thus, the large cosmic ratios 54 7 Li/ 6 Li= 12.3 and 11 B/ 10 B= 4.02 can be easily understood in the framework of neutrino nucleosynthesis. And there is no need to invoke a hypothetical low-energy (E < ∼ 100 MeV) cosmic rays to explain these ratios. Presumably, cosmic abundances of the light element isotopes can be considered as coming from combinations of contributions from BBN, CR, and NN:
6 Li (CR), 7 Li (BBN+CR+NN), 9 Be (CR+NN), 10 B (CR), and 11 B (CR+NN). One has also to keep in mind other possible stellar sources of the light elements, e.g. such as novae and red giant (AGB) stars.
Gamma-Ray Burst -Supernova Connection
Cosmic source of the gamma-ray bursts (GRBs) discovered 30 years ago 60, 61 long remained actually unknown. The breakthrough in understanding of the GRBs happened in late 90ths. There was discovered 62 that at least some GRBs were followed by afterglows. Then the afterglow was found to be connected to supernovae. 63, 64 This findings allowed to couple GRBs with host galaxies of known redshifts and thereby directly to confirm previously assumed cosmological distances (of hundreds Megaparsecs) to the GRBs. The most convincing proof of the GRBs-SNe connection came from Chandra's 21-hour (!) X-ray exposure of the afterglow associated with the GRB detected on 13 August 2002 that allowed to identify narrow lines due to silicon and sulfur ions inherent to the SN ejecta. 65 The GRB mechanism is not yet well understood. However, the gamma-rays are thought to be beamed into a narrow cone along a jet of high energy relativistic particles expelled from a supernova core that has just collapsed into either a NS or a black hole (see Refs. 66, 67, 68, 69 and references therein). Such jets seem to occur 10-60 d after the beginning of the collapse. They interact with the expanding supernova envelope and produce the X-ray and optical afterglows. 70, 71 The core-collapse SNe Ib and Ic are expected to be the best sites for creating the GRBs. These SNe are deprived of dense hydrogen-rich envelopes that would prevent gamma-rays to escape from the star.
The jet-like streams of relativistic particles can be a good starting point for writing a new chapter in the theory of origin of cosmic rays. 72 The GRBs-SNe connection opens a new intriguing approach to understanding the mechanism of the core-collapse SNe.
